The calcium-dependent activity of large-conductance, calcium-activated K ϩ channels is enhanced by Pyk2-and Hck-induced tyrosine phosphorylation.
components of integrin signaling complexes in most, if not all, cell types (13, 45) . Initially described as cell adhesion receptors, integrins are composed of ␣-and ␤-subunits linked in a noncovalent manner to form transmembrane heterodimers. Ligand binding or clustering of integrins by components of the extracellular matrix (ECM) leads to "outside-in" signal transduction and the activation of various protein kinases, including FAK, c-Src, Pyk2, and MAP kinases (20) . Integrins present in the vasculature play an important role in the mechanotransduction pathways regulating angiogenesis (21) , vascular tone, and myogenic responsiveness (7, 8) . A number of studies have further reported that many of the functional consequences of integrin activation involve the modulation of voltage-dependent Ca 2ϩ and K ϩ channels in either vascular endothelium or smooth muscle (for review, see Ref. 10) .
Previously, our laboratory (26) and other investigators (1) reported that the activity of large-conductance, calcium-activated K ϩ (BK Ca ) channels may be modulated via phosphorylation by the prototypical tyrosine kinase c-Src. This observation, together with the important role of c-Src in integrin signaling pathways, the observed integrin-dependent modulation of ion channels, and the impact of BK Ca channel activity on smooth muscle contractility, suggested the possibility that BK Ca channels may undergo functional modulation by integrin-associated protein kinases. In addition to c-Src, several other major protein kinases are known to associate with integrin complexes, including integrin-linked kinase (ILK), FAK, and Pyk2. ILK is a recently identified serine kinase (16) that plays a critical role in the integrin-dependent activation of protein kinase B/Akt and downstream effectors, such endothelial nitric oxide synthase (44, 47) . FAK and Pyk2 are closely related members of the same tyrosine kinase family (15, 38) and are distinct from Src-family kinases. FAK appears to be expressed ubiquitously and undergoes activation/autophosphorylation in response to integrin stimulation. Pyk2 displays more limited tissue distribution (hematopoietic cells, vascular smooth muscle and endothelium, spleen, and kidney, but enriched in the central nervous system) (2, 22) . Protein kinase C appears to mediate the activation of Pyk2 by various calciummobilizing stimuli (14) ; however, the underlying molecular mechanism remains unclear. Recent observations have further suggested that Pyk2 may serve as a common link between integrin and GPCR signaling pathways, because Pyk2 becomes translocated to focal adhesions in response to either GPCR activation or cell adhesion to ECM proteins (27) .
The regulation of ion channel activities by integrin-and Pyk2-dependent signaling pathways has been described in both neurons (12, 17, 19) and vascular smooth muscle (10) , cell types in which BK Ca channels have functionally important roles (32, 36, 37, 48) . Collectively, these observations raised the possibility that BK Ca channel activity may also undergo modulation by integrin-associated protein kinases, such as Pyk2 and the Src-family kinase Hck (hematopoietic cell kinase). To directly examine this question, we transiently expressed murine BK Ca channels in HEK-293 cells alone or together with either wild-type or catalytically inactive forms of Pyk2 or the Src-family kinase Hck. We observed that Pyk2 or Hck coexpression enhanced the calcium-dependent gating of BK Ca channels and that this enhancement was associated with tyrosine phosphorylation of the BK Ca ␣-subunit, as detected by direct immunoprecipitation and Western blotting. Inactive forms of Pyk2 or Hck did not induce channel phosphorylation or alter BK Ca currents compared with channels expressed alone. These findings thus describe a novel mechanism by which tyrosine kinases associated with GPCR and integrin signaling pathways contribute to the regulation of mammalian BK Ca channels.
MATERIALS AND METHODS

Reagents and chemicals.
Lipofectamine and high-glucose-containing Dulbecco's modified Eagle's medium cell culture medium were purchased from Invitrogen. The anti-phosphotyrosine mouse monoclonal antibodies 4G10 and PY20 and the anti-hemagglutinin (HA) tag monoclonal antibody 12CA5 were purchased from Upstate Biotechnology (Lake Placid, NY) and Transduction Labs (Lexington, KY), respectively. The anti-Hck monoclonal antibody was purchased from BD Biosciences (Mississauga, ON, Canada). The anti-mSlo rabbit polyclonal antibody and horseradish peroxidase-linked goat anti-mouse and goat anti-rabbit secondary antibodies were obtained from Chemicon International (Temecula, CA). The SuperSignal chemiluminescence detection reagent was purchased from Pierce Chemical (Rockford, IL). Chemicals used in the preparation of solutions for electrophysiological recordings and Ca 2ϩ ionophore A-23187 were from Sigma-Aldrich (Oakville, ON, Canada). A Lowry-style protein assay kit (detergent compatible), nitrocellulose membrane (0.2-m pore diameter), and SDS-PAGE reagents were purchased from Bio-Rad Laboratories (Hercules, CA).
Construction and transfection of cDNA plasmids. Expression vectors containing cDNAs encoding the murine mSlo ␣-subunit (46) and wild-type green fluorescent protein (GFP) (5) were recently described (4, 26) . Wild-type and catalytically inactive forms of Pyk2, in the pRK5 expression vector, containing a COOH-terminal HA epitope tag, were generously provided by Dr. Sima Lev (Department of Neurobiology, The Weizmann Institute, Rehovot, Israel). Wild-type and catalytically inactive forms of p59
Hck in the LNCX expression vector were obtained from Dr. Stephen Robbins (University of Calgary) (35) .
Transient transfection of HEK-293 cells was carried out as previously described (4, 26) . After cells were replated onto sterile glass coverslips, electrophysiological recordings were typically performed on days 2-4 following transfection (day 1). For biochemical studies, cells were detached from 35-mm dishes on day 2 and then replated onto 100-mm culture dishes to prevent overgrowth. These cells were then harvested on days 3 and 4 following transfection.
Electrophysiology. Macroscopic BK Ca channel currents were recorded at 35 Ϯ 0.5°C from excised inside-out membrane patches of HEK-293 cells with the use of an Axopatch 200B patch-clamp amplifier and pCLAMP 7 software, as recently described (25) . Briefly, membrane currents were activated by voltage-clamp pulses delivered from a holding potential of either Ϫ60 or Ϫ120 mV to membrane potentials ranging from Ϫ180 to 240 mV; tail currents were recorded at ϩ50, Ϫ80, or Ϫ120 mV. Micropipettes were filled with a solution containing (in mM) 5 with calibration standards (WPI, Sarasota, FL) ranging from pCa 8 to 2. The recording chamber (ϳ0.3-ml volume) was perfused at a constant rate of 1-1.5 ml/min, using a set of manually controlled solenoid valves to switch between various solutions. Individual cells expressing BK Ca channels were then identified visually by coexpression of the marker protein GFP under epifluorescence with the use of 480-nm excitation and 510-nm emission filters.
Western blotting. Transfected cells were detached on day 3 by brief incubation with sterile PBS containing 0.05% trypsin-0.5 mM EDTA, centrifuged in 15-ml culture tubes at ϳ100 g for 5 min, and stored at Ϫ80°C as intact cell pellets. These pellets were suspended in 0.5-1 ml of ice-cold lysis buffer [20 mM Tris ⅐ HCl, pH 7.4, 140 mM NaCl, 5 mM KCl, 1% (vol/vol) Triton X-100, 1 mM EGTA, 2 mM EDTA, 1 mM DTT, 1 mM benzamidine, 10 mM NaF, 1 mM Na 3VO4, 1 mM PMSF, and 5 g/ml each of leupeptin, aprotinin, and pepstatin A], followed by incubation on ice for 20 -30 min. Crude lysates were centrifuged at 16,000 g in a microcentrifuge at 4°C for 20 min, and the protein concentration of the resulting supernatants was measured using a modified Lowry procedure (28) . Supernatant fractions and immunoprecipitates (see Immunoprecipitation of BKCa channels or phosphotyrosine-containing proteins) were mixed with Laemmli sample buffer containing 0.5% (vol/vol) ␤-mercaptoethanol and incubated for 20 -30 min at 70°C, and the proteins were then separated by denaturing SDS-PAGE. The resolved proteins were electrotransferred to nitrocellulose membrane at 4°C overnight in a buffer containing 25 mM Tris, 192 mM glycine, 0.1% (wt/vol) SDS and 20% (vol/vol) methanol. Membranes were briefly rinsed in a buffer containing 20 mM Tris ⅐ HCl, pH 7.4, 150 mM NaCl, and 0.1% (vol/vol) Tween 20 (TTBS), incubated at room temperature for 20 -30 min in TTBS containing 5-10% (wt/vol) skim milk powder to block nonspecific binding of antibodies, and then rinsed three times for 5 min each in TTBS. Incubation of membranes with primary antibodies was carried out in TTBS containing 1% (wt/vol) skim milk powder for 1-2 h at room temperature, followed by three to five washes for 10 min each with TTBS alone. Membranes were then incubated for ϳ1 h with the appropriate secondary antibody, also diluted in TTBS containing 1% (wt/vol) skim milk powder, followed by three to five washes for 5 min each with TTBS. After the final wash, blots were immediately developed by applying the SuperSignal chemiluminescence reagent for 3-5 min and were then exposed to X-ray film (Hyperfilm; Amersham).
Immunoprecipitation of BKCa channels or phosphotyrosine-containing proteins. BKCa channels and phosphotyrosine-containing proteins were immunoprecipitated as follows. Supernatants prepared from cell lysates were diluted to 0.4 -0.6 mg protein/ml, and a 1.4-ml aliquot of the diluted material was transferred to a microcentrifuge tube. Bovine serum albumin (BSA) was added to a final concentration of 1 mg/ml, and the samples were then precleared by addition of 40 l of a 50% slurry (vol/vol) of rehydrated protein A-Sepharose beads (Amersham Pharmacia), followed by rotation at 4°C for 2 h. Samples were centrifuged for 5 min at ϳ8,000 g to pellet the beads, and the soluble material was transferred to a clean microcentrifuge tube. Precleared supernatants were then incubated for 4 -16 h at 4°C with either ϳ1.5 g of anti-BKCa channel antibody or 3-5 g of antiphosphotyrosine antibody (4G10 ϩ PY20), followed by further incubation for 2 h with 30 l of protein A-Sepharose beads (50% slurry). The beads were pelleted by centrifugation at ϳ2,000 g for 5 min at 4°C and then washed three times by resuspension in 1 ml of wash buffer containing 20 mM Tris ⅐ HCl, pH 7.4, 140 mM NaCl, 5 mM KCl, 1 mM DTT, 1 mM EDTA, 0.2 mM EGTA, 1 mM benzamidine, 0.5 mM PMSF, 0.1% (vol/vol) Triton X-100, and 2 g/ml each of aprotinin, leupeptin, and pepstatin A. The beads were then resuspended in 30 -40 l of Laemmli sample buffer, heated to 70°C for 20 -30 min, and centrifuged at ϳ2,000 g for 5 min. The soluble proteins were then resolved by SDS-PAGE and analyzed by Western blotting.
Statistical analysis. Values of the membrane voltage producing half-maximal activation (V 1/2) for BKCa channels expressed alone or together with either wild-type or catalytically inactive Pyk2 or Hck (refer to Fig. 4) were examined statistically using a one-way analysis of variance. Pairwise comparisons were made using an unpaired Student's t-test, and differences between values were considered to be statistically significant at a level of P Ͻ 0.05.
RESULTS
The potential modulation of BK Ca channel activity by integrin-associated signaling molecules (i.e., Pyk2 and a Srcfamily tyrosine kinase) was investigated in a cultured cell system by transient coexpression of murine BK Ca channels with either wild-type or catalytically inactive ("dead") forms of human Pyk2 or human Hck in HEK-293 cells. The protein expression profiles of transfected cells were then confirmed by Western blot analysis of total cellular lysates (Fig. 1) . The pore-forming BK Ca ␣-subunit was detected as an ϳ120-kDa immunoreactive band, and the level of protein expression was not noticeably altered by cotransfection with cDNAs encoding either Pyk2 or Hck (Fig. 1A) . Previously, our laboratory (26, 42) had been unable to detect BK Ca channel immunoreactivity in untransfected HEK-293 cells. With the use of kinasespecific antibodies, immunoreactive bands of ϳ130 and ϳ60 kDa were detected in cells cotransfected with cDNAs encoding the wild-type and inactive forms of Pyk2 and Hck, respectively (Fig. 1, B and C) . Hck immunoreactivity was not detected in untransfected HEK-293 cells, because this kinase is typically expressed in cells of hematopoietic origin (33, 49) . Similarly, Pyk2 expression was observed only in transfected cells, because the anti-HA tag antibody specific for the recombinant kinase would not be expected to detect any endogenous Pyk2 that might be present in HEK-293 cells.
To demonstrate that both Pyk2 and Hck exhibited enzymatic activity after coexpression with BK Ca channels, we probed a Western blot of the same samples shown in Fig. 1A with a monoclonal antibody (4G10) recognizing phosphotyrosinecontaining proteins (Fig. 1D) . Cells expressing either wild-type Pyk2 or Hck displayed robust anti-phosphotyrosine immunoreactivity compared with cells transfected with BK Ca channels alone. Importantly, cells coexpressing a dead form of either Pyk2 or Hck displayed only modest levels of tyrosine-phosphorylated proteins, similar to that observed in cells expressing only BK Ca channels. In cells cotransfected with Pyk2, a calcium-sensitive tyrosine kinase (22) , elevation of intracellular calcium by exposure to the ionophore A-23187 (1 M, 5-min exposure) did not noticeably increase the overall level of phosphotyrosine-containing proteins. Collectively, the results shown in Fig. 1 confirm the coexpression of BK Ca channels with either Pyk2 or Hck in HEK-293 cells, along with the expected enzymatic activity of both wild-type and dead kinase isoforms.
Coexpression of BK Ca channels with either Pyk2 or Hck enhances steady-state gating. To examine the functional consequence of either coexpressed Pyk2 or Hck catalytic activity on BK Ca channel gating, we recorded macroscopic currents in excised inside-out membrane patches from transfected HEK-293 cells. As shown in Fig. 2 , coexpression of BK Ca channels with either wild-type Pyk2 (B) or Hck tyrosine kinase (D) led to an enhancement of channel activity in the presence of 4 M cytosolic free calcium. However, BK Ca channels coexpressed with catalytically inactive, or dead, forms of either tyrosine kinase (Fig. 2, C and E) did not display enhanced gating compared with BK Ca channels expressed alone. Figure 2 further shows that only very low levels of membrane current were After this initial examination, the functional consequences of Pyk2 or Hck coexpression on BK Ca channel activity were further characterized over a broader range of membrane voltage and cytosolic free calcium concentrations. Figure 3 shows normalized conductance-voltage (G-V) relationships for BK Ca channels expressed in the presence or absence of either wildtype or dead Pyk2 or Hck and recorded over free calcium concentrations ranging from Ͻ10 nM to 100 M. As evidenced by the degree of leftward shift in the steady-state G-V relationships, wild-type Pyk2 and Hck produced significant enhancements of macroscopic currents recorded under the conditions of 1-10 M free calcium; however, little effect by either kinase was observed in the presence of 100 M free calcium. Under the same recording conditions, BK Ca channels coexpressed with dead Pyk2 or Hck displayed no change in steady-state gating compared with channels expressed alone (see Fig. 3 ). These kinase-induced shifts in BK Ca channel gating are further quantified in a plot of the membrane voltages producing half-maximal activation (V 1/2 values) of BK Ca current vs. the concentrations of cytosolic free calcium (Fig. 4) . As shown, V 1/2 values for BK Ca channels coexpressed with dead Pyk2 or Hck did not differ from those for channels expressed alone; in contrast, V 1/2 values for BK Ca channels coexpressed with wild-type Pyk2 or Hck were significantly more negative over the free calcium concentration range of 1-10 M. Thus, in the presence of 1-10 M cytosolic calcium, the open probability of BK Ca channels is greater at any given voltage in the presence of Pyk2 or Hck, compared with BK Ca channels coexpressed with dead Pyk2 or Hck or BK Ca channels expressed alone. V 1/2 values at both nominally free cytosolic calcium (2 mM EGTA only) and 100 M free calcium were not statistically different among the various groups.
BK Ca channels undergo direct tyrosine phosphorylation in the presence of Pyk2 or Hck.
The observation that BK Ca channel gating remained enhanced in excised membrane patch recordings after coexpression with either Pyk2 or Hck strongly suggested that the channel complex had undergone a longlasting or covalent modification, such as protein phosphorylation. To examine this possibility, we utilized the anti-phosphotyrosine antibodies PY20 ϩ 4G10 to "pull down" or isolate phosphotyrosine-containing proteins from lysates of HEK-293 cells expressing BK Ca channels either alone or together with either wild-type or dead Pyk2 or Hck. Immunoprecipitates were resolved by SDS-PAGE and then examined by Western blot analyses. In cells coexpressing BK Ca channels with wildtype Pyk2 or Hck, we detected significantly higher levels of phosphotyrosine-containing proteins compared with cells expressing dead kinase or BK Ca channels alone (Fig. 5A) . The major immunoreactive band visible at ϳ130 kDa likely corresponds to the expressed form of Pyk2. Importantly, when these same immunoprecipitates were reprobed with an anti-BK Ca channel antibody, immunoreactive bands of ϳ120 kDa were readily detected in samples from cells coexpressing BK Ca channels and wild-type Pyk2 or Hck but not in samples from cells expressing inactive kinase (Fig. 5B) . Interestingly, prior stimulation of intact cells coexpressing BK Ca channels and Pyk2 with the calcium ionophore A-23187 (1 M for 5 min) led to a modest increase in the intensity of the anti-BK Ca immunoreactive band. The reported calcium sensitivity of Pyk2 (22) could explain this observed enhancement of Pyk2-induced phosphorylation. As expected, wild-type Pyk2 and Hck tyrosine kinases both were readily detected as phosphotyrosine-containing proteins (Fig. 5, C and D) , most likely due to autophosphorylation of their catalytic sites. In contrast, inactive forms of either Pyk2 or Hck were not detected as phosphoproteins.
Although the above findings are consistent with the tyrosine phosphorylation of BK Ca channels by either Pyk2 or Hck, we also considered the possibility that BK Ca channels may be complexed with phosphotyrosine-containing accessory proteins, thus leading to indirect coimmunoprecipitation. To address this question, we directly immunoprecipitated BK Ca ␣-subunits from HEK-293 cells cotransfected with BK Ca channels and either wild-type or dead forms of Pyk2 or Hck, as described above. Under all transfection conditions, we detected similar amounts of immunoreactive BK Ca channel ␣-subunit in each immunoprecipitate (Fig. 6A) . Consistent with the above observations, when these BK Ca channel immunoprecipitates were further probed with an anti-phosphotyrosine antibody, immunoreactive bands of ϳ120 kDa were detected in immunoprecipitates from cells coexpressing BK Ca channels and wild-type Pyk2 or Hck but not in immunopreciptates from cells expressing inactive forms of these kinases (Fig. 6B ). This finding thus provides direct evidence of BK Ca channel phosphorylation and is consistent with the data presented in Fig. 5B . Interestingly, probing these same samples with a monoclonal antibody recognizing the expressed form of Pyk2 revealed that wild-type Pyk2, but not the dead isoform, remained coassociated with BK Ca channel complexes after immunoprecipitation (Fig. 6C) . In contrast, Hck immunoreactivity was not detected in these BK Ca channel immunoprecipitates (Fig. 6D) ; this latter result is thus similar to our earlier data showing that coexpressed c-Src was not present in BK Ca channel immunoprecipitates (26) . The identity of the ϳ65-kDa phosphotyrosinecontaining protein in the BK Ca channel immunoprecipitate from cells coexpressing wild-type Hck is currently unknown. Taken together, the results presented in Figs. 5 and 6 support our initial hypothesis that the BK Ca channel ␣-subunit undergoes direct tyrosine phosphorylation in the presence of Pyk2 or Hck tyrosine kinase. This phosphorylation may thus account for the enhancement of BK Ca channel activity observed in excised membrane patches in the presence of micromolar concentrations of free calcium.
In an earlier study from our laboratory (26) , Tyr 766 in the BK Ca ␣-subunit was identified as a residue directly phosphorylated by c-Src in situ. To determine whether this same site was also involved in the Pyk2-induced phosphorylation of the BK Ca channel observed in situ, we immunoprecipitated wildtype and mutant BK Ca channels expressed in either the absence or presence of Pyk2 and performed Western blot analyses. Similar to results shown in Fig. 6B , direct tyrosine phosphorylation of the BK Ca ␣-subunit was observed for wild-type BK Ca channels coexpressed with Pyk2, but no anti-phosphotyrosine immunoreactivity was detected for channels expressed either alone or in the presence of catalytically inactive Pyk2 (Fig. 7A) . Interestingly, Pyk2-induced tyrosine phosphorylation of mutant BK Ca channels containing single Tyr-to-Phe substitutions at positions 766, 935, or 1027 did not appear to be dramatically decreased compared with wild-type channel phosphorylation. Reprobing these immunoprecipitates with an anti- BK Ca channel antibody further demonstrated that similar amounts of BK Ca ␣-subunit were also present in the channel immunoprecipitates (Fig. 7B) .
DISCUSSION
Recently, our laboratory (26) and other investigators (1) reported that BK Ca channel activity may be regulated by the prototypic tyrosine kinase c-Src via direct phosphorylation of the BK Ca ␣-subunit. In the present study, we observed that 1) the BK Ca channel ␣-subunit undergoes direct tyrosine phosphorylation in situ in the presence of coexpressed wild-type, but not catalytically inactive, forms of either Pyk2 or Hck, and 2) tyrosine phosphorylation of the BK Ca ␣-subunit is associated with enhancement of the calcium-dependent gating of BK Ca current. These new data thus suggest that BK Ca channels may be regulated by multiple tyrosine kinases in addition to cyclic nucleotide-dependent serine/threonine kinases (40) .
An interesting aspect of our study is the finding that Pyk2 and Hck influence primarily the calcium-dependent gating of BK Ca current, with little effect on gating by voltage alone (see Figs. 3 and 4) . This result may be explained by recent data indicating that membrane voltage and intracellular calcium appear to act via independent and parallel mechanisms to promote BK Ca channel gating (18) . On the basis of such a model, it is readily apparent how the observed tyrosine phosphorylation of the BK Ca ␣-subunit is able to selectively enhance calcium-dependent channel opening without significantly altering voltage-dependent processes. Mechanistically, such phosphorylation events may produce their effect by influencing the kinetics of channel gating. We recently reported (25) that interaction of BK Ca channels with the SNARE protein syntaxin 1A positively influences the time constants of channel activation and deactivation, leading to enhancement of channel activity. Similarly, macroscopic current recordings of BK Ca channels coexpressed with wild-type Pyk2 or Hck (see Fig. 2 ) appear to be consistent with somewhat faster current activation and slowed deactivation compared with BK Ca channels expressed alone.
An important feature of our data is that BK Ca channels in situ undergo tyrosine phosphorylation in the presence of wildtype, but not inactive, forms of either Pyk2 or Hck (see Figs. 5  and 6 ). The fact that Hck produced functional effects similar to those observed earlier with c-Src (26) suggests that Src-family kinases in general may be capable of BK Ca channel modulation. Furthermore, because the Pyk2-induced phosphorylation of BK Ca channels in situ did not appear to be dramatically reduced by a Tyr-to-Phe substitution at a residue (Tyr 766 ) previously shown to be modified by c-Src in situ (26) , it is likely that Pyk2 and Src family kinases phosphorylate distinct sites in the BK Ca ␣-subunit (Fig. 7) . Direct tyrosine phosphorylation of the BK Ca ␣-subunit by either Pyk2 or Hck thus represents a plausible mechanism to explain the observed enhancement of channel activity in the presence of either kinase. Tyrosine phosphorylation of the BK Ca channel complex or Pyk2 itself, or both, may further underlie the observed coassociation between BK Ca channels and Pyk2, because no interaction was detected in the presence of the dead Pyk2 isoform (see Fig. 5 ). Our data showing that this coassociation of Pyk2 with BK Ca channels, as well as the level of Pyk2-dependent tyrosine phosphorylation of BK Ca ␣-subunits, was increased by elevated intracellular calcium are further consistent with the reported calcium-dependent actions of Pyk2 (22) . Earlier observations have suggested that a protein kinase C isoform may contribute to the calcium-sensitive effects of Pyk2 (14, 41) .
While the simplest interpretation of these data is that Pyk2 and Hck are directly responsible for the observed BK Ca channel phosphorylation and enhancement of gating, additional tyrosine kinase molecules also may play a role. For example, Pyk2 is reported to interact with Src-family kinases (11) , as well as with FAK (14, 24) . Recently, Rezzonico et al. (34) reported that FAK is able to associate with native BK Ca channels (hSlo) in human osteoblasts, suggesting the presence of BK Ca channels in focal adhesion complexes. In this context, both K ϩ and Ca 2ϩ channels are reported to undergo modulation by integrin-dependent signaling pathways typically associated with focal adhesions (10) . Together, these observations suggest that ion channels may colocalize with integrins at focal adhesion complexes to form a spatially compact signaling domain.
How would Pyk2-dependent modulation of BK Ca channel activity contribute to the functional state of an intact blood vessel? Vascular smooth muscle is known to express several types of integrin complexes, including ␣ 4 ␤ 1 , ␣ 5 ␤ 1 , or ␣ V ␤ 3 (31) . Biological events affecting the integrity of the ECM (i.e., mechanical forces, denaturation, enzymatic degradation by collagenases, matrix metalloproteinases) expose or generate soluble/insoluble integrin ligands from ECM substrates (e.g., fibronectin, vitronectin, and collagens), which often contain a RGD binding motif (6, 30) . The binding of such ligands to integrins promotes the ligation or clustering of integrin molecules, leading to the activation of intracellular protein kinases (e.g., FAK and Pyk2) (13) . Such a process could thus lead to the phosphorylation and enhancement of BK Ca channel activity, as we have described. Physiologically, such enhancement may contribute to integrin-mediated mechanotransduction events that underlie myogenic tone (30) . Under conditions of tissue injury, integrin-induced enhancement of smooth muscle BK Ca channels may lead to changes in local blood flow that could promote swelling and infiltration of leukocytes as part of the cellular processes underlying wound repair. Modulation of BK Ca channel activity by Pyk2, Src-family kinases, and, possibly, FAK thus may contribute to integrin-mediated regulation of blood flow, under the context of myogenic tone, as well as to injury-related changes in flow, as a result of degradation/ denaturation of the ECM.
